Introduction
The foundation of modern cross-coupling chemistry was built at the beginning of the twentieth century with the pioneering work of Fritz Ullmann and Irma Goldberg. 1 Their explorations into new methods for the synthesis of C-C, C-N, and C-O bonds provided the conceptual breakthrough that allowed for the use of unactivated aryl halides to supplant the electron-poor aryl halides typically required for the classical nucleophilic aromatic substitution reaction. These advancements not only expanded the scope of substrates that could be utilized in aromatic substitution reactions, it changed the way chemists thought about constructing molecules containing aryl-N and aryl-O bonds. Further testimony for this achievement is the myriad of industrial processes that utilize this methodology, i.e., in the synthesis of pharmaceuticals, agrochemicals, and in polymer chemistry. 2 Classic Ullmann and Goldberg protocols typically require harsh conditions such as high temperatures, extended reaction time, and in some cases stoichiometric amounts of copper. To circumvent these problems, chemists have referred to the more recently developed palladiumcatalyzed C-N bond-forming reaction as a means to generate a diverse array of arylated amines. 3 However, the palladium-catalyzed N-arylation also encounters some limitations. For example, substrates with functional groups containing free N-H moieties 4 as well as amides 5 and heterocycles 4a,b , remain problematic.
The employment of chelating ligands has provided the major driving force behind the evolution of Cu-catalyzed C-N bond-forming processes. The first reports concerning the intentional use of exogenous ligands focused on 1,10-phenanthroline. For example, for N-arylation of imidazoles and synthesis of arylamines, catalyst systems based on 1,10-phenanthroline allowed for lower temperatures, shorter reaction times, and in nonpolar solvents in comparison to the classic Ullmann conditions. 6 Also during the synthesis of triarylamines, the 1,10-phenanthroline/CuCl catalyst system was found to be the most effective, thus allowing the reactions to occur at much lower temperatures than those previously used. 7 Moreover, soluble complexes of Cu(I) and 1,10-phenanthroline, i.e., LCu(PPh 3 )Br, and its derivatives based on neocuproine and 2,2′-bipyridine have been exploited in the synthesis of aryl amines. 8 Other chelating ligands such as ethylene glycol, 9 L-proline, 10 N-methyl glycine, 10 and diethylsalicylamide 11 have also proven to be quite effective in the N-arylation of both aliphatic and aryl amines. One of the most general catalyst systems based on a chelating ligand, which is used in the N-arylation of amides and heterocycles as well as cyanation and halide exchange reactions, is that derived from inexpensive 1,2-diamines. 12 This catalyst system allows for the efficient coupling of a wide variety of substrates, specifically, those containing free N-H and O-H as well as heterocycles. Despite these achievements, most of the copper-based catalyst systems have yet to achieve the high turnover numbers that are typically obtained in the complementary palladium chemistry. 13 Moreover, reactions of less active substrates such as aryl chlorides and aryl sulfonates have thus far been relatively unsuccessful, especially in the latter case. Attempts to understand similar deficiencies in the related palladium chemistry have been investigated through a significant amount of mechanistic work; however, analogous studies on copper-catalyzed reactions are relatively scarce. 13 Of the few mechanistic studies that have been performed on Cu-catalyzed C-N and C-O bondforming reactions, the major emphasis has been on the empirical observations pertaining to which catalyst system, i.e., Cu(0), Cu(I) or Cu(II), provides the fastest reaction rate. Since the earliest work by both Ullmann and Goldberg and later Adkins, several different copper sources were found to be effective for the transformation, e.g., CuBr 2 , CuCl 2 , Cu(OAc) 2 , Cul, CuBr, CuCl, and even Cu(0). 1, 14 Copper sources from three different oxidation states provided nearly identical reaction rates in both N-and O-arylations, with Cu(I) salts providing slightly higher rates compared to those of Cu(0) and Cu(II). The initial hypothesis for this behavior was that a single catalytic species results from each of these precursors and the active oxidation state is Cu(I). 15 Investigations by electron paramagnetic resonance (EPR) showed that indeed the Cu (II) species decays over time while in the presence of the amine, thereby producing Cu(I). 16 This process was proposed to occur through oxidation of the ligand bound to Cu(II), either the alkoxide, phenolate, or amide. The only direct evidence for ligand oxidation occurred when tetraphenylhydrazine was isolated from the N-arylation of diphenylamine using CuBr 2 or Cu (acac) 2 as the precatalyst. 17, 18 With regard to the use of Cu(0) as a precatalyst, Paine has found through SEM imaging that the surface of Cu(0) is covered with a thin layer of Cu 2 O, which then possibly leaches into solution upon amine coordination. 17 Taken together, these results do indeed support the primary role of Cu(I) in facilitating Ullmann-type reactions.
Several stoichiometric studies have been performed to remedy the cryptic nature of the active Cu(I) species. Initial experiments have implied that a simple metathesis reaction occurs between either the CuX 2 or CuX salt and the metal alkoxide or amide, thus providing an explanation for the nearly identical reaction rates obtained with different copper salts. 15 With regard to the copper-catalyzed C-O bond-forming reaction, an additional equivalent of alkoxide is then required to form the catalytically active species which is cuprate-like, i.e., M[Cu (OR) 2 ] where M is Na (eq 1). 18a In contrast, with studies using phthalimide as the nucleophile, the most reactive species was generated when the Cu(I):pthalimidate ratio was <1, suggesting that an anionic bis-amido Cu(I) species is unfavorable in this case (eq 2). 19 Furthermore, both Whitesides 20 and Yamamoto 21 have shown that Cu(I) alkoxides and Cu(I) amidates can react with aryl halides when the Cu:nucleophile ratio is 1:1. Importantly, what these studies suggest is that a Cu(I)-nucleophile complex must form prior to aryl halide activation. Indeed, recent work by our laboratory 22 and Hartwig's 23 demonstrates that Cu(I) amidates can serve as intermediates during the N-arylation process. This recent work also indicates, as suggested by Bacon and Karim 19 , that the reactivity of Cu(I) amidates towards aryl halides is dependent on the number of amidates coordinated to the metal center, i.e., the N-arylation of aryl halides is not observed with anionic bis-amido Cu(I) species. 23 (1) (2) To provide a more rational basis for the development of improved copper catalysts that promote either C-C or C-heteroatom bond-forming reactions, we have further investigated the mechanism of copper-catalyzed C-N bond-forming reactions. Much of this work has focused on the N-arylation of amides since this reaction remains the most versatile in the presence of Cu(I)/l,2-diamine catalyst systems. The results provide insights into the role of 1,2-diamines in controlling the coordination environment around Cu(I). The catalyst is more efficient at high concentrations of 1,2-diamine and high concentrations of amide, as revealed by a nonlinear dependence of the rate on 1,2-diamine concentration. Furthermore, we demonstrate that a 1,2-diamine ligated Cu(I)-amidate can serve as the reactive species that activates the aryl halide, which was established through both its chemical and kinetic competency in the stoichiometric N-arylation process. This behavior has important consequences for new catalyst development since the results show the significance of both the diamine and amide in modulating the overall reactivity of the system.
Results

Kinetics Studies: 1,2-Diamine and Catalyst Effects
The N-arylation of 2-pyrrolidinone (2) with 3,5-dimethyliodobenzene (1) catalyzed by CuI/3 (5/10 mol %) (eq 3) proceeds to complete conversion within 2 h at 90 °C. An Omnical SuperCRC reaction calorimeter, which is a differential scanning calorimeter, was used to acquire kinetics of the catalytic reaction in situ by monitoring the heat flow as a function of time at a constant temperature. The reaction time-course (Figure 1 ) displays a temporal decrease in heat flow and lacks a significant induction period. There is, however, an apparent time lapse, albeit short, between the actual start of the reaction and the point at which the heat flow begins to decrease, which is inherent to measuring rates of reactions with calorimetry. 24 On the basis of the temporal heat flow, the reaction rate (eq 4), the fractional conversion (eq 5), and the instantaneous concentrations of the reactants/products can be calculated. Conversion measured by GC analysis was compared to conversion measured by heat flow and the agreement between the two methods validates the use of reaction calorimetry to follow the copper-catalyzed amidation of aryl iodides. The initial kinetic studies focused on determining the precise role of the 1,2-diamine in this reaction. As shown in Figure 2 , a nonlinear relationship between [1,2-diamine] and the reaction rate at 50 % conversion of 1 was observed over a 20-fold change in [1, 2-diamine] . The data at 50 % conversion was chosen as a result of the non-linearity of the reaction rate vs. concentration profiles under certain conditions and the inherent time lapse in the calorimetric data. The data were fit using nonlinear least squares to an equation describing saturation with excellent agreement. 26 Both catalyst systems, i.e., that based on ligand 3 and that based on ligand 4, provided nearly identical reactions rates with the catalyst based on 4 providing a slightly higher overall rate.
To determine whether the nonlinear rate dependence on [1,2-diamine] is a result of either catalyst solubility or catalyst deactivation, mixtures of CuI with 3 or 4 in toluene were examined. The observation that complete dissolution of the copper(I) salt occurs in a mixture containing CuI and 3 or 4 in a 1:1 ratio precludes an explanation for the saturation behavior based on a change in solubility of the active copper(I) species. Only upon layering a toluene solution of CuI and 3 with hexanes did a colorless precipitate form. Single-crystal X-ray diffraction analysis of these crystals revealed a dimeric complex 6 containing iodine atoms that bridge the two tetrahedrally coordinated copper(I) centers ( Figure 3 ). 27, 28 To examine whether catalyst deactivation could account for the saturation kinetics in [1,2-diamine] the reaction rate dependence on catalyst concentration was examined at both high and low [3] . If high [1,2-diamine] prevents bimolecular catalyst decomposition from occurring, then a nonlinear rate dependence on [catalyst] would be expected at low [3] , whereas, at high concentrations of [1,2-diamine] a linear rate dependence on [catalyst] would be predicted. This is evidenced by the overlapping rate profiles in the plots of rate/ At both low and high [1,2-diamine], the reaction rate is not significantly influenced while changing the amount of K 3 PO 4 by over 3-fold ( Figure 7 ). This behavior presumably indicates that saturation of the inorganic base in a nonpolar solvent is occurring. These results further substantiate the claim that the reaction rate is not mass transfer limited, since a rate dependence on [K 3 PO 4 ] may indicate otherwise.
Kinetics Studies: Electronic Effects
A series of para-substituted aryl iodides, X-C 6 H 4 I (X = COMe, Cl, H, Me, OMe) were used to investigate electronic effects on the catalytic turnover rate. The reaction rate exhibits a nonlinear dependence on [1,2-diamine] with each of the aryl iodides. However, the electronic effect does not change within statistical significance while varying [1,2-diamine]. Thus, at both high and low [1,2-diamine], electron-deficient analogues facilitate more rapid turnover rates ( Figure 8 , the combined ρ = +0.48 ± 0.17 is representative of the electronic effects at both high and low [1,2-diamine]).
Synthesis and Characterization of Cu(I) Amidates
The Cu(I) amidate 7 was obtained from the reaction between dry, oxygen-free 2 and halide free mesitylcopper 30 at room temperature in toluene under a nitrogen atmosphere (eq 7). 31 Cu (I) amidate 7 is soluble in both toluene and 1,4-dioxane and less soluble in diethyl ether, THF, and hexanes. The Cu(I) amidate 7, which was obtained as a white solid upon removal of toluene under vacuum and washing with hexanes, hydrolyzes on contact with water and is rapidly oxidized by air. The ratio of amidate to Cu(I) was analyzed for the composition of 2-pyrrolidinone by gas chromatography through the hydrolysis of 7 upon addition of concentrated HCl to a solution of 7 in toluene; the Cu content was analyzed by iodometric titration. These analyses indicate that the ratio of amidate:Cu is approximately 1: 1. 32
The solution structure of 7 is dependent on whether the chelating 1,2-diamine is present. In accordance with the solution behavior of Cu(I) alkoxides, 21, 33 Cu(I) amides, 28 and CuCN, 34 7 exists as a rapidly exchanging oligomeric species as evidenced by the broadened resonances in the room temperature 1 H NMR spectrum (Figure 9b ). However, upon addition of 3 to a solution of 7 in toluene, the resonances are sharpened in the 1 H NMR spectrum, which is consistent with a structure where the 2-pyrrolidinoate moieties are no longer rapidly exchanging with other oligomeric forms (Figure 9a ). This suggests that a single species results from the addition of 3 to 7.
To further evaluate the solution structure of 7 in the same solvent in which the catalytic reaction is performed, molecular weight measurements were obtained using the Signer method in the presence and absence of the 1,2-diamine. 35 As shown in Table 1 , a solution of 7 in toluene yielded a molecular weight of 517. Since the Signer method measures the total amount of solute in solution, the solution structure of 7 in a nonpolar solvent is consistent with a species that is an average between a tetramer (MW 588, 147 per monomeric unit) and a trimer (MW 441). Upon addition of the 1,2-diamine (MW 142) to the solution of 7 in toluene using a Cu: 1,2-diamine ratio of 1:1, the measured molecular weight of the solute was 267 in comparison to the theoretical MW of 289 for the 1:1 complex. Although analysis of the latter solution by 1 H NMR after completion of the molecular weight measurement revealed an identical spectrum to that shown in Figure 9a , a minor amount of free pyrrolidinone was present (less than 15 %), which can result in a number for the observed molecular weight that is lower than the actual value. The average molecular weight of a solution containing a 1:1 mixture of non-interacting 7 and 1,2-diamine is 222. In contrast, the observed molecular weight of 267 suggests that the solution structure is more consistent with the formation of a 1,2-diamine-ligated Cu(I) amidate monomeric complex (8, MW 289) from a mixture of 1 mmol each of 1,2-diamine and 7 (eq 8). This conclusion is further supported by the recent work of Hartwig and co-workers where they demonstrated, by X-ray crystallography, that a 1:1 mixture of 1,10-phenanthroline and Cu(I) phthalimidate results in a monomeric three-coordinate trigonal planar complex 9 similar to that proposed for 8. 23
Kinetics Studies: N-Arylation of Cu(I) Amidate with Aryl Iodides
With the solution structure of the 1,2-diamine-ligated Cu(I) amidate (8) established, we sought to characterize the kinetic competency of 8 as a potential intermediate during the N-arylation process. The kinetics of the N-arylation of 8 were investigated by 1 H NMR (eq 9) and the data is consistent with the reaction being first-order in both [1] and [8] (see Supporting Information for more details). 36 It is important to note that the reaction rate for aryl iodide activation is independent of [3] at ratios of 3:Cu(I) amidate >1. As shown in Figure 10 , the plot of 1/ [8] (Figure 11 ). The activation parameters were measured to be: ΔH ‡ = 6.8 kcal·mol −1 , ΔS ‡ = − 43.3 eu, and ΔG ‡ = 19.4 kcal/mol. Table 2 lists the individual rate constants (k app ) for each temperature. These results are consistent with the ΔG ‡ of 18 kcal/mol recently reported for the N-arylation of 4-iodotoluene with the N, N'-dimethylethylenediamine-ligated Cu(I) pyrrolidinate. 23 A series of para-substituted aryl iodides, X-C 6 H 4 I (X = OMe, H, CI, COMe, CN) were used to investigate electronic effect on the N-arylation of 8. As shown in Figure 12 , a linear Hammett plot is obtained, which indicates that electron-deficient aryl iodides enhance the rate at which the aryl iodide activation occurs (ρ = +0.48 ± 0.14). Of importance, this result is similar to that obtained from the catalytic process.
Discussion Catalytic Mechanism: Overview
The Cu(I)-catalyzed C-N bond-forming reaction between N-nucleophiles and aryl halides proceeds by a Cu(I)-mediated nucleophilic aromatic substitution type mechanism in which the aryl halide activation and the nucleophile formation occur in two independent, sequential stages (Scheme 1). Consistent with this proposal, Cu(I) amidates promote the kinetically competent stoichiometric N-arylation. 37 Kinetic studies on the catalytic N-arylation of amides using the Cu(I)/l,2-diamine catalyst system reveal a positive-order rate dependence on aryl iodide concentration under conditions where the rate dependence on Evidence pinpointing a single mechanism for the Cu(I)-mediated aryl halide activation step (Stage II, Scheme 1) is relatively scarce. Previous research concerning the mechanism of the Ullmann C-N bond-forming reaction has suggested that the aryl halide activation step occurs through an oxidative addition process where the redox chemistry takes place between either a Cu(III)/Cu(I) couple or a sequential electron-transfer process involving all three oxidation states of copper, i.e., Cu(I), Cu(II) and Cu(II) (Scheme 2). 2 Additionally, there are two plausible mechanisms for the "inner-sphere" electron transfer involving the Cu(II)/Cu(I) couple. The first involves a radical anion intermediate which forms without atom-transfer to Cu(II) prior to C-N bond formation, i.e., a S RN l-type mechanism, 38 while the second involves an aryl radical which forms upon oxidation of Cu(I) to Cu(II) with concurrent atom-transfer (Scheme 2). All of these postulates originate from the pioneering work of Kochi, 39 Whitesides, 40 Johnson, 41 and Cohen 42 through their mechanistic investigations on alkyl radical additions to Cu(II), Ullmann C-C coupling, halogen-exchange, and organocuprate nucleophilic substitutions.
There are two contrasting views for aryl halide activation during C-N bond-forming reaction. 23, 43, 44 While studying the Ullmann condensation reaction of haloanthraquinone derivatives with 2-aminoethanol, Hida observed the oxidation of initial Cu(I) species to a Cu(II) species with the concomitant formation of a 1-bromoanthraquinone radical anion via EPR spectroscopy. 43 This result supports an aryl halide activation process involving a Cu(II)/Cu(I) redox couple, but unfortunately due to the rate of subsequent steps the intermediacy of a Cu (III) species could not be established. In contrast, both Bethell 44 and Hartwig 23 have suggested that a Cu(III) intermediate is formed during the coupling reaction between aryl halides and amines/amides. In support of this, Huffman and Stahl have provided evidence for pathway involving a Cu(III)/Cu(I) couple by demonstrating that C-N bond-forming reductive elimination occurs rapidly from well-defined Cu(III)-aryl species. 45 Considering the present mechanistic studies on the stoichiometric N-arylation of the Cu (I) amidate, a well-defined pathway for aryl iodide activation cannot be resolved. Comparing the activation parameters in addition to the ρ -value (ρ = +0.48) to those obtained from the oxidative addition of Pd(0) with aryl iodides suggests that the Cu(I) amidate-mediated aryl iodide activation does not involve a rate-determining oxidative addition process involving a Cu(III)/Cu(I) couple. For example, a ρ -value of 2.3 and enthalpy of activation (ΔH ‡ ) of 18.4 kcal·mol −1 was obtained for the oxidative addition of Pd(0) with aryl iodides. 46 In the latter case, the carbon-iodide bond is broken and a significant amount of negative charge is built up in the transition state. In contrast, during the activation of aryl iodides by the Cu(I) amidate, the relatively low ΔH ‡ (6.8 kcal·mol −1 ) and ρ -value suggest that very little bond cleavage and build up of negative charge occurs during the rate-determining step. However, recent B3LYP level calculations on the oxidative addition of iodobenzene to [(dmeda)Cu (pyrrolidinone)] found that the ΔH ‡ is 6 kcal·mol −1 and the ΔG ‡ is 25 kcal·mol −1,23 which is congruent with the experimentally determined ΔH ‡ and ΔG ‡ obtained in this study. Although the latter consistency is a compelling argument for the possibility of an oxidative addition mechanism to occur during the Cu(I) amidate-mediated aryl iodide activation, the alternative mechanism whereby an inner sphere electron-transfer process occurs prior to the formation of the Cu(III) species can not be ruled out. A reaction taking place via such inner-sphere process would not be expected to show a dependence solely on the reduction potential of the aryl halide, as interactions between the metal and halide may be significant. Taken together, the data presented here is consistent with two possible mechanisms for aryl iodide activation (Scheme 3). The first route involves aryl iodide coordination to the Cu(I) amidate, a process facilitated by electron-donating groups in the para-position of the aryl iodide, 47 followed by an innersphere single-electron transfer from Cu(I) to the aryl iodide generating a transient Cu(II) species in addition to an intimate radical anion without considerable changes in bonding; electron-deficient groups in the para-position of the aryl iodide facilitate the latter process. Subsequently, the fast product formation step could entail halide atom transfer to the Cu(II) intermediate (see Scheme 2) , radical recombination to form a Cu(III) species and finally reductive elimination to afford the N-arylated amide. The second possible mechanism for aryl iodide activation involves the Cu(III)/Cu(I) redox couple. This reaction pathway, as suggested by Guo and co-workers, involves the formation of an η 2 complex between the Cu(I) amidate and the aryl iodide during the rate-determining step (Scheme 3). 48 In this case, the extent to which bond cleavage occurs is also minimal and electron-deficient aryl iodides would facilitate the formation of the η 2 complex by lowering the LUMO of the aromatic ring.
Catalytic Mechanism: B) Controlling the Resting State of the Catalyst with the 1,2-Diamine Ligand
Equation (6a-6c) provide specific insights into the mechanism of the Cu(I)-catalyzed Narylation of amides with aryl iodides. The nonlinear rate dependence on [1,2-diamine] (Figure  2) , specifically, the inhibition of the reaction rate by the amide at low [3] and the acceleration of the reaction rate by the amide at high [3] suggest a complex process involving multiple equilibria. Since the increase in reaction rate with [3] cannot be explained by the increase in solubility of copper or prevention of catalyst decomposition, the other alternative resides in the prevention of multiple ligation of the amide to the copper at high [3] , which would lead to inactive copper species. The mechanism shown in Scheme 4 proposes that the intermediate Cu (I) amidate (B) is formed either through amide coordination to A followed by deprotonation or through 1,2-diamine association and subsequent amide dissociation from C. 49 Once formed, B reacts with the aryl iodide, affording the desired N-arylated amide.
The corresponding rate expression for the mechanism in Scheme 4 is given by eq 9, with the concentrations of base, K 3 PO 4 , and the liberated KI treated as constants (the reaction rate is independent of the concentration of each of these species, see Figure 7 and Supporting Information). Quasi-equilibria are assumed for
on the basis that aryl iodide activation serves as the turnover-limiting step at both high and low [3] . It is important to point out that the proper description of rate laws requires due consideration of activity coefficients, thus, the concentration terms in our analysis refer to the real concentrations and the activity effects are implicitly contained in the rate constants. Equation 9 is consistent with the kinetic data as exemplified by the nonlinear least-squares fit to the experimental data in Figure 6 , which provides the kinetic parameters: K 1 = 0.85 ± 0.05, K 2 = 2.0 + 0.2, k act = 12 ± 3 M −1 ·min −1 . 50
The first-order rate dependence on 1,2-diamine concentration at low [3] suggests that under these conditions the equilibrium between B and C dominates over that between B and A (Scheme 4). Increasing the concentrations of the 1,2-diamine 3 or 4 drives the reaction back to intermediate B in equilibrium with A. Thus, increasing concentrations of 1,2-diamine increases the reaction rate, while increasing amide concentrations should suppress it. This results in the limiting case of the rate expression of eq 9 shown in eq 10 and eq 11. The straightline relationship between the function rate/[ArI] and l/[amide] provided by eq 11 is demonstrated in Figure 13 , where three experiments performed at different [amide] converge into approximately the same straight-line relationship with slope equal to K′. These data confirm the inverse dependence on [amide] at low [3] . In contrast, under conditions of high [3] , Figure 14 reveals that a straight-line relationship is observed between the function rate/
when K 1 is 0.85±0.05, congruent with the kinetic parameters obtained from eq 9 and the limiting form of eq 9 shown in eq 12 and eq 13. This implies that, under high [3] , the situation holds for ca. 3-half lives of 1 the equilibrium between A and B governs the reaction network (Scheme 4), affording first-order kinetics in [ArI], saturation kinetics in [amide] and zero-order kinetics in added [3] . Also of significance, the value for k act can be obtained from the slope in Figure 14 (k act = 0.2 ± 0.02 M −1 ·s −1 based on eq 13), which allows for comparisons to be made between the stoichiometric and catalytic Narylation reactions. To establish a relationship between the catalytic reaction mechanism and the stoichiometric N-arylation of the Cu(I) amidate, the kinetic data from the stoichiometric process was extrapolated to 90 °C. Using the Eyring plot shown in Figure 11 , a value for k app at 90 °C is calculated to be 0.20 ± 0.01 M −1 ·s −1 . This value is nearly identical to that obtained from the slope in Figure 14 Using the kinetic data obtained from the stoichiometric N-arylation reaction, the relevancy of the 1,2-diamine ligated Cu(I) amidate to the catalytic reaction was further evaluated by simulating conversion versus time profiles. According to the proposed mechanism in Scheme 4, the Cu(I) amidate (B) exists in rapid equilibrium with the two catalytically inactive species A and C. Therefore, in addition to k app and [ArI], the overall reaction rate also depends on the ratio of Cu active (B):Cu inactive (A/C). The value for k app was then applied to the simplified kinetic equation described in eq 14, which takes into account the equilibrium between Cu active and Cu inactive . Upon numerical integration of eq 14 by keeping k app fixed at 0.20 M −1 ·s −1 and varying the ratio of k f : k r (k f : k r = Cu active :Cu inactive ), simulated concentration-time profiles were obtained. For comparison, the simulated concentration-time profiles were plotted along with the experimental concentration-time profiles obtained from reactions conducted with both high and low [1,2-diamine]. As shown in Figure 15 The values obtained for the kinetic parameters K 1 and K 2 are used to determine how the Cu active :Cu inactive ratio is affected by the amide and diamine concentrations. More specifically, given K 1 and K 2 obtained from the fit to eq 9 or from the limiting forms of eq 9 shown in eq 11 and eq 13, the ratio of Cu active :Cu inactive species during the catalytic process can be estimated since K In summary, the Cu(I)/1,2-diamine catalyst system has been applied to a variety of N-arylation reactions as well as halogen-exchange reactions and this mechanistic study on the N-arylation of 2-pyrrolidinone with aryl iodides provides insights into the factors that control catalyst activity. We have, complemented the kinetic study of a Cu(I)-catalyzed Goldberg reaction with the direct N-arylation of a Cu(I) amidate. Such data facilitated the elucidation of the detailed mechanism of Cu(I)-nucleophile formation and also revealed the intricacies involved in multiple ligation of the N-based nucleophile to the Cu(I) catalyst. In particular, the nonlinear rate dependence on the [1,2-diamine] highlighted the role of the 1,2-diamine in establishing a high concentration of active catalyst throughout the course of the reaction. This was further verified by establishing the kinetic competency of a 1,2-diamine-ligated Cu(I) amidate. Initial insights into the mechanism of aryl iodide activation were obtained, albeit, the precise mechanism of the Cu(I)-mediated activation could not be established and warrants further study.
At Low [Diamine]
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Crystal structure of the dimeric 1,2-diamine-ligated CuI complex. Dependence of the reaction rate on catalyst concentration at both (a) low [3] (Cu:3 =1:2) and (b) high [3] (Cu:3 = 1:7). In both cases the reaction rate displays a first-order dependence on catalyst concentration, i. Dependence of the reaction rate on amide concentration ( [2] ) at both (a) low [3] (Cu:3 = 1:2) and (b) high [3] Dependence of the reaction rate on K 3 PO 4 concentration at both (a) low [3] (Cu:3 =1:2) and (b) high [3] Eyring plot for the N-arylation of 8 (52 mM) with 1 (52 mM) in 1 mL of toluene from 0 -30°C . Each point is the average of three experiments. 
